Municipal water supply consumes large quantities of electrical energy to move water from catchment areas to service reservoirs near centres of population. Pumping does not necessarily occur round the clock, but rather when necessary to uphold constraints relating to reservoir levels and system pressure. There is a degree of flexibility in the timing of pumping that makes it an excellent candidate for Demand Side Management, meaning that it can provide opportunities for improving power system operation and reducing electricity costs for the water utility. The extent of this flexibility depends on a number of factors. This study examines the optimisation of two water supply systems -the 'Van Zyl' benchmark system and a representation of the supply for the city of Belfast, Northern Ireland. The potential to employ intelligent operation of pumps to help bolster uptake of variable wind generation is assessed, as is quantification of the potential savings for a water utility. The results show significant potential savings for the water utility as well as a substantial increase in the utilisation of wind power. 
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Introduction

2
The drive to phase out fossil-fired generation has in- atively small population of 6.5 million people and has 13 750 MW of HVDC interconnection with Britain [2] . A 14 target of 40% of all electricity is to come from renew-15 able sources by 2020, predominantly from wind power 16 [3] . This target causes some issues for the Irish system, 17 some of which are unique due to its relative isolation 18 and limited available interconnection. 
35
In order to meet the high targets for wind power inte-36 gration, it is estimated that the SNSP limit would have 37 to be raised to 70% to avoid excessive curtailment [2] .
38
This will be a significant challenge, especially for con- control over load [6] . Vanthournout et al. in [10] found that it was difficult 110 to maintain involvement of residential consumers in 111 RTP schemes due to response fatigue -automation was 112 required in order to make it viable.
113
DSM has also been demonstrated as being viable for 114 provision of balancing reserve for wind generation [9] .
115
Industrial loads frequently have a higher degree of 116 operational flexibility than residential loads [13] (see Fig. 3 , full system specification in [27] ). Demand (Fig. 4) .
304
The pumps at Dunore Point (part of the Lough Neagh water. Details of both sources can be seen in Table 1 . 
Objective Function
371
For each scenario, the optimisation objective function was different. In the EA1 and EP2 scenarios, the objective was minimisation of cost (Eq. 1). minimise:
In the 'minimise consumption' scenario, it was to minimise the overall quantity of energy consumed (Eq. 2).
minimise:
The objective of the 'max wind' scenario was to maximise the quantity of wind energy consumed (Eq. 3). maximise: For both service reservoirs, the reservoir level at time period i was equal to the reservoir level at time period i−1 minus the outflow during i−1 plus the inflow during i − 1.
The cost of electricity consumption during time period i was equal to the unit cost of electricity during i multiplied by the power consumption of the pumps during the same period.
SR levels were allowed to vary between specified minimum and maximum levels (Eq. 6).
Belfast Model Constraints
373
There were two constraints implemented in the Belfast model that were not in the 'Van Zyl' model -abstraction from Silent Valley Reservoir was limited to 130 Ml per day, and a 'mass balance' constraint was enforced, requiring SR water levels to be at least 90% of initial level (on 1 April 2012) at the end of each day (see Eq. 7). The 'mass balance' constraint was necessary to prevent reservoirs having insufficient capacity for highdemand days. ble solution was found for all days with both models).
379 Table 2 provides a summary of the salient data. can be seen in Table 2 .
390
The 'minimise consumption' scenario consumed 391 2% less electricity then any other scenario while also 392 maintaining the lowest average value of pumped flow.
393
Despite this, it was the most expensive scenario, costing 394 13.4% more than the EP2-based optimisation (Fig. 6 ).
395
All scenarios showed an increase of wind power 396 contribution compared to the system average (Fig. 7) .
397
Optimising on the basis of the wind penetration saw a 
525
In the Irish SEM, the EA1 forecast is updated later 526 on D-1 with an EA2 forecast, and then again on the 527 morning of the day itself with the WD1 forecast.
528
In practice, an EA1-based pumping schedule could 
